In seasonal breeding vertebrates, hormone regulation of catecholamines, which include dopamine and noradrenaline, may function, in part, to modulate behavioral responses to conspecific vocalizations. However, natural seasonal changes in catecholamine innervation of auditory nuclei is largely unexplored, especially in the peripheral auditory system, where encoding of social acoustic stimuli is initiated. The plainfin midshipman fish, Porichthys notatus, has proven to be an excellent model to explore mechanisms underlying seasonal peripheral auditory plasticity related to reproductive social behavior. Recently, we demonstrated robust catecholaminergic (CA) innervation throughout the auditory system in midshipman. Most notably, dopaminergic neurons in the diencephalon have widespread projections to auditory circuitry including direct innervation of the saccule, the main endorgan of hearing, and the cholinergic octavolateralis efferent nucleus (OE) which also projects to the inner ear. Here, we tested the hypothesis that gravid, reproductive summer females show differential CA innervation of the auditory system compared to non-reproductive winter females. We utilized quantitative immunofluorescence to measure tyrosine hydroxylase immunoreactive (TH-ir) fiber density throughout central auditory nuclei and the sensory epithelium of the saccule. Reproductive females exhibited greater density of TH-ir innervation in two forebrain areas including the auditory thalamus and greater density of TH-ir on somata and dendrites of the OE. In contrast, non-reproductive females had greater numbers of TH-ir terminals in the saccule and greater TH-ir fiber density in a region of the auditory hindbrain as well as greater numbers of TH-ir neurons in the preoptic area. These data provide evidence that catecholamines may function, in part, to seasonally modulate the sensitivity of the inner ear and, in turn, the appropriate behavioral response to reproductive acoustic signals.
Introduction
Catecholamines are well documented as important regulators of reward and motivated social behavior, but are also known modulators of sensory and motor systems [1] [2] [3] . Recent studies, largely in songbirds, provide strong evidence that both dopamine and noradrenaline are important neuromodulators of vocal-acoustic communication, especially in the context of appropriate brain and behavioral response to social auditory signals (for review see [4] ). For seasonal breeding vertebrates, hormone regulation of catecholaminergic (CA) innervation of sensory areas may be a conserved mechanism for differential seasonal response to conspecific vocalizations [5, 6] . In support of this, mimicking seasonal changes in circulating steroid levels has provided evidence that estrogen increases CA innervation of midbrain and forebrain auditory nuclei in female white-throated sparrows as measured by changes in tyrosine hydroxylase immunoreactivity (TH-ir) [7, 8] . Natural seasonal changes in TH-ir innervation of auditory nuclei that reflect differences in reproductive state (i.e., breeding vs. non-breeding) is largely unexplored, and no studies have investigated reproductive state (or hormone)-induced plasticity of CA innervation of the auditory periphery and hindbrain auditory processing areas.
The plainfin midshipman fish, Porichthys notatus, has proven to be an excellent model to explore mechanisms underlying seasonal plasticity in audition related to reproductive social behavior [9] [10] [11] . Midshipman spend roughly nine months of the year in deep waters off the coast of northern California and the Pacific Northwest and migrate into the rocky intertidal zone to spawn in late May to mid-August. Males excavate nests under rocks, defend these territories from neighboring males, and court females at night by a long duration advertisement call ("hum") [10, 12] . Females find nesting males by localizing the source of the hum, deposit their eggs in a single nest and head back offshore while the male cares for the young and continues to court other females until the nest is full of developing embryos [10, 12, 13] .
Female and male midshipman undergo a seasonal change in auditory frequency sensitivity at the level of the inner ear such that summer, reproductive fish can better encode higher harmonic frequencies of the hum compared to non-reproductive winter fish [14] [15] [16] , and this auditory plasticity can be induced by implanting non-reproductive females with either testosterone or estradiol [17] which raises circulating T/ E2 to their natural peak seen during the pre-spawning period [18] . More recent studies have also shown that summer females have a significantly greater number of hair cells as well as an increase in number of large-conductance, calcium-activated potassium (BK) channel transcript subunits in the saccule, the main endorgan of hearing, compared to winter females [19, 20] . Indeed, pharmacological blockade of BK channel function mimics seasonal plasticity in auditory encoding [19, 20] . These structural-type changes at the auditory periphery occur over several weeks, likely driven by hormone-mediated changes in gene expression. Seasonal plasticity in the central auditory system of midshipman has not been investigated and may include neuromodulators which mediate a drastic change in auditory-driven female behavior that occurs within the reproductive season: a directed behavioral response to an underwater playback of the fundamental frequency of male advertisement call (phonotaxis) occurs in females that are gravid (full of eggs), but is entirely absent when spent (void of eggs), immediately post-spawning, after having released most of their eggs [9, 13, 21, 22] . Catecholamines are good candidates for this function, as they are thought to modulate the salience of socially relevant stimuli and mediate transitions between various behaviors (see [6, 23] ).
The auditory system in midshipman is well characterized anatomically (Fig 1) and we recently demonstrated robust CA innervation throughout all levels of central (Fig 2) and peripheral auditory circuitry in midshipman [24] . Like other teleosts, primary afferents from the saccule synapse onto hindbrain neurons of the descending octaval nucleus (DO) which are connected to secondary octaval neurons (SO); both hindbrain groups project to the midbrain torus semicircularis (TS), which in turn projects to several diencephalic nuclei including the anterior tuberal nucleus of the hypothalamus (AT), lateral division of nucleus preglomerulosus (PGl) and the central posterior nucleus of the thalamus (CP) which relays information to telencephalic nuclei [25] [26] [27] [28] [29] . Furthermore, the hindbrain octavolateralis efferent nucleus (OE) projects to the inner ear endorgans and lateral line system [25, 26, [30] [31] [32] . Interestingly, TH-ir neurons in the periventricular posterior tuberculum (TPp), proposed homologues of A11 dopaminergic (DA) neurons in tetrapods ( [33] [34] [35] ; but see [36] ), send projections directly to the saccule and also appear to innervate the OE, DO and CP as well as the periaqueductal gray (PAG) and spinal cord ( [24] ; for zebrafish see [34, 37] ). Furthermore, TPp neurons receive auditory input indirectly via the PAG (see [24, 38] ). In addition, TH-ir TPp neurons send ascending projections to the ventral telencephalon ( [24] ; for zebrafish see [34, 39] ) and are therefore Abbreviations: AT, anterior tuberal nucleus; C, cerebellum; CP, central posterior nucleus of the thalamus; DO, descending octaval nucleus; M, midbrain; MED, medial octavolateralis nucleus; OB, olfactory bulb; OE, octavolateralis efferent nucleus; PGl, lateral division of nucleus preglomerulosus; SE, saccular epithelium of the inner ear; SO, secondary octaval nucleus; T, telencephalon; TS, torus semicircularis; VIII, eighth nerve. Scale bar = 1.5 mm.
in a key position to modulate sensory-motor integration in the context of social auditory stimuli. In support of this, we showed that males exposed to advertisement calls of other males exhibit a cFos response (proxy for neural activation) in TPp TH-ir neurons which are thus active in response to social acoustic cues [40] .
Here we tested the hypothesis that female midshipman show seasonal changes in CA innervation of auditory nuclei. This plasticity may serve to modulate auditory sensitivity which is known to vary with reproductive state and is adaptive to better encode the male advertisement call during the breeding season [10, 11] . In order to compare wild-caught gravid, reproductive summer females and non-reproductive winter females, we utilized quantitative fluorescent immunohistochemistry to measure TH-ir fiber density in six auditory nuclei that span the forebrain, midbrain and hindbrain (Fig 1) (see [24] [25] [26] ). In addition, we analyzed TH-ir A representative series of line drawings illustrating rostro-caudal distribution of major tyrosine hydroxylase immunoreactive (TH-ir) cell populations (large dots), fibers (lines) and terminals (small dots) in the midshipman brain covering areas analyzed in the current study (adapted from [24] ). Abbreviations: ac, anterior commissure; AT, anterior tuberal nucleus; CA, cerebral aqueduct; cc, cerebellar crest; Cm, molecular layer of the corpus of the cerebellum; Cg, granular layer of the corpus of the cerebellum; CP, central posterior nucleus of the thalamus; Df, diffuse nucleus of the hypothalamus; dl, dorsolateral division of the descending octaval nucleus; Dl, lateral zone of area dorsalis of the telencephalon; dm, dorsomedial division of the descending octaval nucleus; Dm, medial zone of area dorsalis of the telencephalon; G, nucleus glomerulosus; Ha, habenula; Hc, central periventricular hypothalamus; Hd, dorsal periventricular hypothalamus; Hv, ventral periventricular hypothalamus; iaf, internal arcuate fiber tract; IV, fourth ventricle; LC, locus coeruleus; ll, lateral lemniscus; MED, medial octavolateralis nucleus; MFB, medial forebrain bundle; MLF, medial longitudinal fasciculus; OB, olfactory bulb; OE, octavolateralis efferent nucleus; OT, optic tract; PAG, periaqueductal gray; Pe, periventricular cell layer of the torus semicircularis; PPa, anterior parvocellular preoptic nucleus; PGl, lateral division of nucleus preglomerulosus; Pit, pituitary; PTN, posterior tuberal nucleus; PTT, paratoral tegmentum; PVO, paraventricular organ; RF, reticular formation; SR, superior raphe; SV, saccus vasculosus; Te, midbrain tectum; TPp, periventricular posterior tuberculum; TS, torus semicircularis; Vc, central nucleus of area ventralis of the telencephalon; Vd, dorsal nucleus of area ventralis of the telencephalon; Vde, descending tract of the trigeminal nerve; VL, ventrolateral nucleus of the thalamus; VM, ventromedial nucleus of the thalamus; Vp, postcommissural nucleus of area ventralis of the telencephalon; Vs, supracommissural nucleus of area ventralis of the telencephalon; vT, ventral tuberal hypothalamus. Scale bar = 500 μm.
innervation of somata and dendrites of the cholinergic OE [41] by double-labeling with a choline acetyltransferase (ChAT) antibody, and quantified both TH-ir and ChAT-ir putative terminals on the sensory epithelium of the saccule of the inner ear. Finally, we counted numbers of TH-ir neurons in TPp and locus coeruleus (LC) which are known to contribute widespread dopaminergic (DA) and noradrenergic (NA) input, respectively, to auditory nuclei [24, 42] , as well as TH-ir neurons in hypothalamic AT (above) and the anterior parvocellular preoptic nucleus (PPa), the latter which is known to be involved in regulation of the reproductive axis in teleost fishes [43] . We report seasonal differences in CA fiber innervation of several areas in the midshipman auditory pathway which supports the hypothesis that catecholamines play an important role in seasonal auditory-driven social and reproductive behavior.
Methods

Ethics Statement
All experimental animal procedures performed in this study were approved by the Institute for Animal Care and Use Committee of the University of California, Davis (Protocol Number: 15977), University of Washington (Protocol Number: 4079-01) and CUNY Brooklyn College (Protocol Number: 260). Animals were collected from the field under Department of Fish and Game Permit 802021-01 (California) and 13-161 (Washington).
Animals
Seasonal time periods are distinguished by multiple characters including fluctuations in circulating steroid hormone levels and gonadosomatic index (GSI, ratio of gonad weight to body weight), different habitats (offshore sites versus shallow intertidal zone) and vocal and spawning behaviors (see introduction and [10, 18] ). In general, the non-reproductive period is defined by fish found at the deepest collection depths offshore between December and February, and which have low GSI and basal levels of circulating steroids. The pre-nesting period, not measured in the present study, occurs in the late winter and spring when fish are collected at the shallowest depths offshore and have the greatest variation in GSI and circulating gonadal steroids which reflects the period of gonadal recrudescence. The nesting period occurs in midMay to August when females are collected from nests in the intertidal zone at low tide and are gravid with large yolked ova.
Female midshipman were collected by hand from nests at low tide during the reproductive season (June) in Tomales Bay, adjacent to the town of Marshall, CA and held in the Bodega Marine Lab until sacrificed within 24 hrs of capture. Only gravid females with a GSI above 10% were used (n = 6). Non-reproductive animals were collected by otter trawl (R/V Kittiwake) in December in Puget Sound off the Port of Edmonds, WA and shipped to Brooklyn College where they were sacrificed within 6 days of collection (n = 6). All non-reproductive females were confirmed to have completely regressed ovaries (below). A previous study demonstrated that physiological changes in the peripheral auditory system of summer gravid females occur after > 25 d in captivity while those recorded within 15 days of collection show consistent peripheral auditory encoding seen in the reproductive period [16] . Thus, all animals were sacrificed within a time period that should accurately reflect their respective reproductive state. Importantly, midshipman from both populations on the west coast have been well studied; they exhibit the same life history as described above, and show identical seasonal changes in auditory frequency encoding [14] [15] [16] .
Tissue Collection and Immunohistochemistry
All animals were deeply anesthetized in 0.025% benzocaine (Sigma Chemicals, St Louis, MO) in seawater, measured, weighed, and then transcardially perfused with ice cold teleost ringers followed by 4% paraformaldehyde in 0.1 M of phosphate buffer (PB, pH 7.2). Brains and saccules were removed and post-fixed for 1 hour in the same fixative, rinsed and stored in PB until transferred to a 30% sucrose PB solution about 24-48 hours prior to cryosectioning. Brains were sectioned at 25 μm in the transverse plane and collected in 2 series on subbed slides. One saccular epithelium was dissected off its otolith, sectioned at 20 μm in the transverse plane and collected into two series. Slides were stored at -80°C until all tissue was collected and sectioned. All brain tissue and all saccules from both groups, respectively, were processed simultaneously for immunohistochemistry.
Fluorescence immunohistochemistry was modified from a previous protocol [24] . Briefly, after slides were allowed to warm to room temperature, they were rinsed in 0.1M phosphate buffered saline (PBS, pH 7.2) 2x 10min, followed by a 1 hour soak in a blocking solution of 0.1M PBS + 10% donkey serum (DS) + 0.3% Triton X-100. Primary antibodies, monoclonal mouse anti-TH (1:1000; Millipore, Billerica, MA, #MAB318) and polyclonal goat anti-ChAT (1:200; Millipore, #AB144), were diluted and mixed in the above blocking solution and incubated on sections in a humidified chamber at room temperature for 16 hrs followed by 5x 10 min rinses in PBS + 0.5% DS, then incubated 2 hr with anti-mouse AlexaFlour 568 and anti-goat AlexaFlour 488 (1:200; Molecular Probes, Life Technologies), washed 4 x 10 min in PBS and coverslipped with Prolong Gold containing DAPI nuclear stain (Life Technologies). Slides were allowed to cure in the dark at room temperature for approximately 48 hours, then subsequently sealed with nail polish and stored at 4°C.
Image Acquisition and Anatomy
Brain images were acquired on an Olympus BX61 epifluorescence compound microscope (Tokyo, Japan) using MetaMorph imaging and processing software (Molecular Devices, Sunnyvale, CA). Each nucleus analyzed was imaged with a 20x objective at the same exposure time and light level. Each photomicrograph was taken consecutively using Texas Red, GFP (where appropriate) and DAPI filter sets (Chroma, Bellow Falls, VT). Imaging at this magnification (relatively shallow depth of field) made it necessary to capture images in a z-stack (sequential acquisition of a specified area with the focused position varied by a constant step ranging around a central plane) that contained between 5-9 levels, each with a thickness of 1μm. These photomicrographs were combined into a single projected image in MetaMorph permitting crisp, confocal-like images for quantitative analyses. Nuclear boundaries were drawn post-acquisition using DAPI to define cytoarchitecture. Sampling strategy was determined per region to account for intrinsic variation in size between nuclei. In the case of tissue loss or damage, the opposite side of the brain was used (for unilateral sampling), or the section was omitted. An animal was excluded from analysis for a particular brain area if section damage resulted in more than half the average number of sections sampled per animal to be unusable. In order to understand the overall effect of season on TH-ir density within central auditory circuitry, a two-way ANOVA was utilized with region of interest and season as factors. A series of a priori independent samples t-tests were performed to compare TH-ir fiber density and/or TH-ir cell number in each region of interest between summer and winter animals. All statistics are reported herein as mean ± standard error (SE), unless otherwise noted. Experimenter was blind to treatment conditions of all slides analyzed.
Cell Counts. Manual quantification of TH-ir neurons was performed in the LC, TPp, PPa and AT (see below). Individual TH-ir cells were counted only if they contained a clear nucleus which was colocalized with DAPI. In order to standardize variation in the number of sections collected in each brain region of interest between groups, counts of absolute TH-ir cell numbers were adjusted to the average number of TH-ir neurons per section. The LC was identified by the presence of TH-ir cells dorsolateral to the medial longitudinal fasciculus (MLF) in the isthmal region between the hindbrain and midbrain. Sampling began in the caudal LC with the bilateral appearance of TH-ir cells, continuing serially in the caudal-to-rostral direction for an average of 9.6 (± 1.8 SD) consecutive sections per animal until their disappearance. Each photomicrograph was comprised of a z-stack of 9 levels taken of TH-ir neurons unilaterally. An unpaired two-tailed t-test determined that there was no difference in the number of sections between groups (p > 0.05).
Sampling of the TPp began caudally with the appearance of dense clusters of large, pearshaped TH-ir cells medial to the medial forebrain bundle (MFB) that extended ventrolaterally along the lateral border of the paraventricular organ (PVO). Using a z-stack of 9 levels, up to three 20x photomicrographs were needed to capture all TH-ir cells per section and photomicrographs were aligned prior to analysis to avoid overlap. The TPp was analyzed serially for an average of 6 (± 3 SD) consecutive sections in the caudal-to-rostral direction until the disappearance of large, pear-shaped TH-ir cells adjacent to the midline. The area of TH-ir cells and proximal dendrites were also quantified in the TPp by thresholding the cells and processes (see below) and measuring the area of signal covering a defined field of view (143,139 μm 2 ) of each image capturing the TPp. An unpaired two-tailed t-test determined that there was no difference in the number of sections between groups (p > 0.05). Sampling of the PPa began rostral to the horizontal commissure, with the appearance of parvocellular TH-ir cells clustered ventrolateral to the midline in the caudal-most aspect of the nucleus and continued serially in the rostral direction until their disappearance. A single photomicrograph comprised of a z-stack of 9 levels was taken unilaterally of TH-ir neurons for an average of 10.8 (± 2.9 SD) consecutive sections per animal. An unpaired two-tailed t-test determined that there was no difference in the number of sections between groups (p > 0.05).
Fiber Analysis. TH-ir fiber innervation of auditory nuclei was segmented using the "Inclusive Threshold" feature of MetaMorph. Due to subtle variation in background staining from section to section, the threshold for each image was set manually. Threshold levels were determined so that pixels selected by MetaMorph were in accordance with what the blind observer deemed to be TH-ir (e.g., unambiguous labeling clearly above unlabeled structures in the same image). This method is in line with previously published work examining plasticity of TH-ir fibers in songbirds [7, 8] . To obtain an average TH-ir fiber density for each nucleus, the area of signal covering the area defined as the nucleus of interest was measured across several consecutive serial sections (see below). Nuclear boundaries as defined by DAPI were traced and overlaid onto the Texas Red channel where TH-ir fiber density, integrated (total) intensity and average intensity were quantified using the Region Statistics feature in MetaMorph. In some cases where more diffuse nuclei were analyzed (SO, DO), the field of view was positioned according to neighboring landmarks to encompass the nucleus of interest (see below; [40] ).
Auditory hindbrain nuclei that were analyzed included a region spanning laterally within and between the dorsolateral division of DO (DOdl) and the medial octavolateralis nucleus (MED). Although MED receives lateral line input, it is interconnected with DOdl (see Discussion). Sampling of DOdl+MED began dorsolateral to the fourth ventricle (IV) just rostral to the level of OE. A single photomicrograph per section was taken unilaterally, with the midline and IV serving as the medial boundary, and the lateral boundary defined by DOdl lying adjacent to the central tract of the lateral line nerve (see [25, 44] ). Sampling continued in the caudal-to-rostral direction, including the appearance of the MED lying adjacent to IV, for an average of 5.7 (± 1.9 SD) sections per animal using a z-stack of 7 levels. TH-ir fibers were ). An unpaired twotailed t-test determined that there was no difference in the number of sections between groups (p > 0.05).
Sampling of the ventral division of SO (SOv) began just rostral to OE. A single, unilateral photomicrograph was taken of SOv, with the rostral intermediate DO acting as the dorsolateral boundary of the image (see [25, 40] ) and TH-ir fibers were analyzed within the field of view of each image (approximately 143,139 μm 2 ). Sampling continued in the caudal-to-rostral direction for an average of 4.3 (± 1.4 SD) sections per animal using a z-stack of 7 levels. An unpaired two-tailed t-test determined that there was no difference in the number of sections between groups (p > 0.05).
The OE has two distinct divisions, caudal (OEc) and rostral (OEr), which contain large, cholinergic (ChAT-ir) neurons clustered on the midline just ventral to IV [41] . Robust TH-ir fibers make putative contacts with ChAT-ir somata and dendrites [24] . Sampling of the OE began in the caudal division and continued in the rostral direction and subsequent OEr sections containing ChAT-ir cells were sampled. ChAT-ir dendrites positioned laterally to the somata in OE were also included in the analysis, making it necessary to take up to three 20x photomicrographs per section to capture all regions of interest. Boundaries were drawn around clusters of ChAT-ir somata in the center of the OE, as well as the laterally positioned ChAT-ir dendritic processes. Along with TH-ir density measurements, a colocalization analysis was performed to determine the percentage of ChAT-ir area of OE somata and dendrites contacted by TH-ir fibers. To do this, both TH-ir and ChAT-ir signal were thresholded (as above), and colocalization measurements (area of overlap between the two fluorescent probes) were made using traced regions defined by the ChAT-ir signal. On average, 5.6 (± 2.2 SD) sections per animal were used for ChAT-ir somata, and 6.7 (± 2.8 SD) sections per animal were used for ChAT-ir dendrites captured using a z-stack of 7 levels. An unpaired two-tailed t-test determined that there was no difference in the number of sections between groups (p > 0.05, in both cases).
Sampling of the TS began at the level of the valvula in caudal midbrain. Since the entire region of interest would not fit into a single 20x photomicrograph, two adjacent images were taken at each level sampled to encompass the entire nucleus. A boundary was drawn around the medial and lateral extent of the TS across the two images. TH-ir fibers were analyzed within the boundaries of each image and data were combined into a single density measurement. Laterally, landmarks were used to assure that there was no overlap in photomicrographs or boundary tracings. Moving in the caudal-to-rostral direction, every fourth section was sampled unilaterally until the appearance of CP. An average of 6.1 (± 1.2 SD) sections was analyzed per animal using a z-stack of 8 levels, and an unpaired two-tailed t-test determined that there was no difference in the number of sections between groups (p > 0.05).
Sampling of the compact division of the CP (CPc) began with the DAPI-labeled wingshaped band of cells lateral to the midline. A boundary was drawn around the CPc, and a TH-ir fiber density analysis was performed within. CPc was sampled unilaterally across 3 consecutive sections in the caudal-to-rostral direction using a z-stack of 8 levels, and an unpaired two-tailed t-test determined that there was no difference in the number of sections between groups (p > 0.05).
Similar to the TS, PGl was sampled by two adjacent images at each level to encompass the entire nucleus. A boundary defined by a thick band of DAPI cells was drawn around the dorsomedial and ventrolateral extent of the PGl across the two images to avoid including PGm (non-auditory) in the analysis. TH-ir fibers were analyzed within the boundaries of each image and data were combined into a single density measurement. Laterally, landmarks were used to assure that there was no overlap in photomicrographs or boundary tracings. Sampling began at the level of the horizontal commissure, and, moving in the caudal-to-rostral direction, every other section was sampled unilaterally for an average of 6.1 (± 1 SD) sections per animal using a z-stack of 9 levels. An unpaired two-tailed t-test determined that there was no difference in the number of sections between groups (p > 0.05).
The AT is located in the ventral hypothalamus, rostral to the dorsal periventricular hypothalamus and dorsal to the lateral hypothalamus. An average of 4.6 (± 1.9 SD) consecutive sections were imaged unilaterally in the caudal-to-rostral direction using a z-stack of 5 levels. A boundary around AT was drawn in the DAPI channel and transferred to the Texas Red channel where TH-ir fiber innervation was quantified. TH-ir cells identified in the lateral-most aspect of the nucleus were also counted for analysis. An independent samples t-test determined that there was a difference in the number of sections between groups (p = 0.0126).
Analysis of the Saccular Epithelium
Immunohistochemistry was identical as above for brain tissue except TH-ir was visualized with anti-mouse AlexaFluor 680 and ChAT-ir with anti-goat AlexaFluor 568, respectively. Saccular epithelia from summer and winter females were imaged on an Olympus Fluoview FV10i confocal microscope (Olympus, Center Valley, PA). Two sections, one section apart, were selected approximately every six sections for an average of 9 sections (± 2.6 SD) to sample throughout the sensory epithelium. Three images, left, middle and right, were acquired from each section for an average of 27 images (± 7.8 SD) sampled per animal. To prevent redundancies in analysis, images acquired from adjacent areas were checked for overlapping cellular structures or signal. An independent samples t-test determined that there was no difference in the number of sections or number of images sampled between groups (p > 0.05).
Using the Fluoview FV10i-SW image acquisition software, each area was acquired using a 7μm z-stack with a 0.5μm step size. All images were taken using a 60x oil-immersion objective and 2x digital zoom for a magnification of 120x at a resolution of 512 x 512 pixels. Each image was taken consecutively in three channels using different excitation wavelengths: DAPI (359 nm), Alexa Fluor 568 (577 nm), and Cy5.5 (673 nm).
To analyze TH-ir and ChAT-ir puncta in the saccular epithelium, raw image stacks of each channel were combined in MetaMorph and tissue borders in the field of view were traced for density measurements. TH-ir and ChAT-ir signal from each channel was then thresholded (as above) and the number and size of puncta per section was quantified using the integrated morphometry analysis (IMA) feature of MetaMorph. In order to exclude thick, longitudinal TH-ir and ChAT-ir fiber tracts from the puncta analysis, size and shape filters were applied so that objects of interest between 4-150 pixels in size with a shape factor of 0.6 (with a value of 1.0 representing a perfect circle) were quantified.
Results
Morphometrics
As expected, summer, reproductive females captured from intertidal nests had a much greater ovary to body weight ratio (mean GSI = 29.12%; range = 20.9-41.6%) compared to non-reproductive females (mean GSI = 0.98%; range = 0.9-1.1%) collected from deep offshore waters in the winter. Average body size measured by standard length (SL) was largely overlapping between seasons (mean summer SL = 12.27 cm, range = 11.4-13 cm; mean winter SL = 11.2 cm, range = 10.10-12.2 cm), but summer females were approximately 9.1% larger on average than winter females (t(10) = 2.989, p = 0.0136). Despite this statistical difference in size between seasons, all subjects sampled for this study outside the breeding season were well above the size range for sexually mature females (SL 8.5 cm) (see [18] ). In addition, fiber density was calculated by dividing total area by size of the ROI and cell counts were standardized per section, thereby controlling for any potential measurement confounds due to variation in body size. Table 1 summarizes differences in TH-ir fiber density in nuclei throughout the central auditory system. In all cases, any significant differences in integrated intensity could be explained by differences in TH-ir fiber density and in no cases did we find differences in average intensity (intensity independent of TH-ir area) in any measured nucleus. Therefore, we present here only data that reflects differences in fiber structure (i.e. density). For each figure, micrographs from each season were selected based on representative images at comparable anatomical levels within each nucleus. Values reported in figure legends represent the mean value of that animal from measurements taken from all sections sampled throughout that particular nucleus, inclusive of the depicted image.
Central auditory nuclei
To understand the overall effect of season on TH-ir density throughout the central auditory pathway, a two-way ANOVA was utilized with region of interest (DOdl+MED, SOv, OE, TS, AT, CPc, PGl) and season (winter, summer) as factors. Overall, there were significant effects of reproductive state (F (1, 61) = 12.999, p = 0.001) and region of interest (F (6, 61) = 76.912, p < 0.0001). There was also a significant interaction between the two main effects (F (6, 61) = 4.174, p = 0.001). Summer females showed greater TH-ir fiber density in higher auditory processing areas such as the thalamic CP (t(9) = 2.566, p = 0.03) and PGl (t(8) = 6.059, p = 0.0003) (Fig 3) , but not in the hypothalamic AT (t(9) = 1.280, p = 0.201). No seasonal differences in TH-ir fiber density were found in the midbrain (TS) (t(10) = 1.1, p = 0.297) or in the SOv in the hindbrain (t(8) = 0.353, p = 0.733) (Fig 4) . In contrast, winter females had greater TH-ir fiber density within the primary auditory hindbrain, specifically in a region measured as DOdl+MED (t(8) = 2.647, p = 0.029) (Fig 5) .
Octavolateralis efferent nucleus
Compared to winter females, summer females had greater TH-ir fiber density within the boundaries of the hindbrain OE nucleus (defined by the area containing ChAT-ir somata) (t(9) = 5.723, p < 0.0001). Double-labeling the OE with ChAT-ir allowed for visualization and analysis of TH-ir innervation and its putative contacts on cholinergic somata and their ventrolateral dendritic field (Fig 6) . Summer females had a greater percentage of ChAT-ir somata area contacted by TH-ir fibers (t(9) = 6.471, p = 0.0001), as well as a greater percentage of ChAT-ir dendritic area contacted by TH-ir fibers (t(9) = 3.240, p = 0.01) (Fig 6) . 
Saccular epithelium
Cholinergic efferent innervation from OE (hindbrain) and dopaminergic innervation from diencephalic TPp can be seen at the base of hair cells in the saccule (Fig 7; also see [24] ). In order to focus on putative terminals from both sets of efferents, we quantified TH-ir and ChAT-ir puncta and excluded thick-ir fibers characteristic of efferent axons entering the base of the saccular epithelium (Fig 7B) . Winter, non-reproductive females had a greater number of TH-ir puncta per section (t(9) = 4.4710, p = 0.001), as well as a greater area per TH-ir punctum (t(9) = 2.933, p = 0.017) (Fig 7) . In contrast, no differences were found between seasons with regard to ChAT-ir puncta in the SE (Table 2) . Table 3 summarizes seasonal comparisons of numbers of TH-ir neurons in PPa, AT, TPp and LC between reproductive and non-reproductive female midshipman. Within the PPa, non-reproductive, winter females had twice the average number of TH-ir (dopaminergic) neurons per section (29.4 ± 3.5) compared to summer gravid females (12.8 ± 1.3) (t(9) = 4.738, p = 0.0011) (Fig 8A-8C) . Similarly, although AT had relatively few TH-ir neurons per section, winter females had greater numbers (0.92 ± 0.29) compared to summer females (0.24 ± 0.10) (t(9) = 2.395, p = 0.04) (Fig 8D-8F ), but the significance of this finding is questionable given that there was an unequal number of sections sampled between groups in this small area (see Methods). The number of TH-ir neurons within the dopaminergic TPp was not statistically different in summer (28.2 ± 2.3) vs. winter (23.8 ± 0.80) (t(9) = 1.930, p = 0.086). However, when the total TH-ir area within the TPp was quantified which included the large pear-shaped neurons and their proximal thick processes, summer females had a greater TH-ir area (5981.27 ± 366.60 μm 2 ) compared to winter females (3784.52 ± 292.53 μm 2 ) (t(10) = 4.684, p = 0.001) (Fig 9) . Finally, no differences were found in the number of TH-ir neurons within the LC between seasons (t(9) = 1.137, p = 0.2848) (Fig 10) .
TH-ir cell counts
Discussion
Here we report seasonal differences in CA fiber innervation of several areas in the midshipman auditory pathway that vary with reproductive state. To our knowledge this is the first study to report natural seasonal plasticity of TH-ir innervation in the central and peripheral auditory system of a vertebrate. These findings support a role for catecholamines as important modulators of auditory plasticity and behavior that varies with reproductive state in midshipman. Interestingly, seasonal effects were bidirectional: specific forebrain auditory areas show greater TH-ir fiber innervation in the summer reproductive season while primary auditory hindbrain and inner ear show greater TH-ir fiber density in the winter non-reproductive season. Hypotheses for functional significance of these differences will be discussed below.
Because summer females were taken from nests and sacrificed that evening, they were likely exposed to male mate calls within 24 hours of sacrifice. However, studies in songbirds indicate that exposure to song does not affect TH-ir, only pTH-ir, the phosphorylated, or "active" form, of TH [45] . Therefore, although CA neurons are activated by hearing song [40, 45, 46] , TH-ir itself appears stable under acute conditions and seasonal differences are most likely indicative of longer term physiological transitions to opposing reproductive states. While biochemical assays show a positive relationship between TH activity and reproductive cycle in major brain regions (telencephalon, hypothalamus, medulla) in female catfish [47] , few studies have investigated neuroanatomical changes in CA neurons or their projections outside the hypothalamus in relation to reproductive state. Heimovics et al. [48] found that male song sparrows in breeding condition have greater pTH-ir in lateral septum compared to non-breeding males, but pTH-ir was not found in the auditory forebrain (i.e., caudomedial nidopallium) and was not investigated in other auditory nuclei. Hypothalamic dopaminergic A12/A14 neurons which are known to control the pituitary gonadal axis across vertebrates [35, 49] are predicted to be dynamic in species with seasonal reproduction. The equivalent DA neurons in teleosts lie in the PPa and these neurons are known to directly project to the anterior pituitary to inhibit gonadotropin release in several species [43, 50, 51] . Thus, our results that show winter non-reproductive females have more than double the number of TH-ir PPa neurons compared to summer reproductive females are consistent with the role of this specific population of dopaminergic neurons in other teleosts as inhibitory for the reproductive axis. In trout, these DA neurons in the PPa all express ERα [52] and midshipman, like other teleosts, have abundant ERα and ERβ1/2 in this area [53, 54] as well as androgen receptors [55] , making these particular DA neurons potentially direct targets of seasonal increases in estrogen and/or testosterone that occur prior to spawning in females [18] . Estrogens and androgens are documented to have differential and species-specific effects on TH mRNA expression in teleost fishes [56, 57] .
Possible mechanisms underlying seasonal differences in TH-ir fiber density
The present findings suggest that seasonal changes in circulating steroid hormone levels [18] may directly target and regulate CA synthesis in specific neuronal populations. In support of this, the TPp is a steroid-sensitive brain region as it is replete with both androgen and estrogen receptors [53] [54] [55] . In addition, this area contains abundant aromatase mRNA and protein: a site where conversion of androgen to estrogen occurs [54, 58] . A previous tract tracing study [24] confirmed that a subset of TH-ir TPp neurons project directly to the saccule and strong immunohistochemical evidence suggests that neurons from this same area project to OE and CP. Whether the same DAergic neurons innervate multiple auditory nuclei is unknown, but descending projections that branch off to exit nerve VIII en route to the saccule appear to continue caudally and heavily innervate OE (see [24] ). However, only about 5-10% of TH-ir neurons in TPp send descending projections to the saccule [24] . Therefore it is likely that nearby diencephalic auditory areas such as PGl and CP receive ascending or local projections from a separate group of TH-ir neurons in TPp. Ultimately, double-label experiments will need to confirm steroid receptor expression and type in TH-ir neurons and if those TH-ir populations project to auditory nuclei. Although we did not find a significant difference in number of THir TPp neurons between seasons, the total TH-ir area in the TPp including proximal neurites and somata was greater in summer females and supports these cells as targets of steroid or seasonal-mediated plasticity.
Similarly, CA neurons in the canary ventral tegmental area (VTA) and LC express ERα [59] and these neurons as well as the substantia nigra likely contribute CA innervation to auditory nuclei (see [4] ). Other studies in songbirds have experimentally manipulated circulating steroid hormones to mimic changes in reproductive state and have demonstrated steroid regulation of TH-ir fiber density in forebrain and midbrain auditory nuclei [7, 8, 45, 60] . However, unlike songbirds, circulating E2 levels are no different in gravid midshipman females sampled from nest sites compared to non-reproductive females. Rather, E2 as well as T levels peak in the prespawning period during gonadal recrudescence [18] . Therefore, while pre-spawning elevation in circulating steroid hormones may serve to initially alter gene expression of TH in neurons that project to auditory nuclei, the differences in TH-ir we found cannot be attributed to blood-borne steroids at time of sacrifice, but likely to other physiological factors that underlie reproductive readiness ( [9, 10] ; see below). However, brain aromatase mRNA, which is regulated by circulating steroids and fluctuates seasonally, is upregulated during the pre-spawning period and may serve to maintain local brain levels of estrogen during the summer spawning period when gonadal sources of E2 are low [10, 18, [61] [62] [63] ; this local estrogen production may be maintained by positive feedback [64] , and in turn increase or decrease TH-ir (see below).
In support of a decoupling between circulating hormone levels and CA fiber densities, Pawlisch et al. [65] simulated spring (breeding) and fall (non-breeding) conditions in European starlings by subjecting females to long day lengths with E2 implants and periodic male courtship song or short day length with no supplemental E2 and fall (non-courtship) song, respectively. Interestingly, they found spring-conditioned females that occupied nests had higher TH-ir density in the nucleus accumbens (forebrain DA target for reward-related behavior) and higher density of dopamine-beta hydroxylase-ir (DBH, rate-limiting enzyme for noradrenaline synthesis) in the ventromedial hypothalamus compared to spring conditioned females that did not occupy nests. Since E2 levels in spring-conditioned females were equivalent regardless of nest occupancy, these results suggest differences in CA fiber density were due to reproductive readiness, not hormone levels [65] . Likewise, in the present study, all reproductive summer females were highly gravid and collected from nests in the wild and thus were sampled in a state of reproductive readiness. As stated above, these females were previously shown to have equivalent levels of circulating E2 as winter, non-reproductive females [18] .
Direct or indirect environmental influence on TH synthesis (and thus TH-ir density) may occur through melatonin signaling. Both light and temperature are known to influence melatonin release from fish pineal gland [66] and melatonin regulation of TH gene expression and activity has been demonstrated in teleosts [67, 68] . Although melatonin receptors have not been colocalized to CA neurons in teleosts, 2-[ 125 I]-melatonin binding sites are high in the diencephalon and telencephalon where most DA neurons are located [68, 69] . In birds and mammals there is neuroanatomical evidence for direct melatonin action on dopaminergic neurons.
In the avian hypothalamus, dopamine neurons which also produce melatonin and contain melanopsin, a circadian photoreceptor, are the direct conduits for synchronizing environmental light cycle and regulation of reproductive cycle via regulation of gonadotropin-releasing hormone [70, 71] . Furthermore, dopaminergic neurons in the VTA in rodents contain melatonin receptors [72] providing neuroanatomical evidence for a link between seasonal changes in light cycle and DA function.
Differences in TH-ir density vary by area and season
We demonstrate that specific forebrain auditory areas (CP, PGl) and the OE show greater THir fiber innervation in the summer reproductive season while the primary auditory hindbrain (DOdl+MED) and saccular epithelium show greater TH-ir fiber density in the winter non-reproductive season. Other regions in hindbrain (SOv), midbrain (TS) and hypothalamus (AT) showed no difference in TH-ir density between seasons. Differential effects of reproductive state on TH-ir density by region may result from regulation of separate TH-ir neuronal populations via different hormones or receptors (see [57, 73] ). These CA neurons that are seasonally plastic may be different neurons within a single nucleus (e.g., TPp, above), or neurons from DA vs NA cell populations that contribute TH-ir projections to the same nuclei. For instance, while E2 appears to upregulate TH-ir fiber density in auditory nuclei in white-throated sparrows [7, 8] , non-breeding male white-throated sparrows treated with testosterone show a decrease in NA (DBH-ir) fiber innervation in the auditory midbrain [60] . Similarly, seasonal studies in songbirds have investigated densities of α 2 -noradrenergic receptors in song control nuclei, lateral septum and medial preoptic area and found inverse relationships to T levels, song control volume, breeding condition and singing behavior [74, 75] . Since we did not measure DBH-ir in the current study, we cannot resolve the contribution of the NA system to the TH-ir fiber densities that were measured. It is noteworthy that we did not find a seasonal difference in number of LC neurons or in fiber density of the TS, one of its known efferent targets [42] .
Functional implications of seasonal plasticity of TH-ir innervation
Peripheral auditory system. As mentioned previously, seasonal and hormone-induced peripheral auditory plasticity is well documented in both female and male midshipman [14] [15] [16] [17] . Interestingly, Sisneros and Bass [16] first discovered that along with the ability of primary afferent neurons to encode higher frequencies, summer females also showed a dramatic increase in auditory sensitivity (gain). The recent study by Rohmann et al. [20] demonstrates that seasonal change in number of BK channels in saccular hair cells can ultimately function to allow for encoding of higher frequencies as well as increasing auditory sensitivity (i.e., ability to encode at lower stimulus thresholds). However, it has also been suggested that seasonal changes in reproductive state may modulate the octavolateralis efferent system which in turn may also affect saccular hair cell sensitivity [10, 15, 16] . The current study now provides neuroanatomical evidence that dopaminergic TPp neurons may seasonally modulate the sensitivity of the inner ear directly at the level of the hair cell, or indirectly by modulating the cholinergic OE. Prior to our recent study, TH-ir terminals had not been reported in association with nonmammalian vertebrate auditory hair cells [24] . Therefore, interpretations on DA action on hair cell or primary afferent physiology can only be speculated based on mammalian data. In mammals, DA neurons and their projections make up part of the lateral olivocochlear (LOC) efferent system that synapses onto primary afferent dendrites of inner hair cells [76] [77] [78] [79] . Studies in rodents (mainly guinea pigs) have demonstrated that dopamine has an inhibitory effect on auditory nerve physiology, namely a decrease in sound-evoked compound action potentials and an increase in single unit thresholds without affecting hair cell function or frequency tuning [80, 81] . However, several pharmacological studies have revealed paradoxical physiological effects of both D1 and D2 receptor subtypes in the cochlea which may be dependent on complex pre-and postsynaptic interactions between the efferent and afferent processes [79, 80, [82] [83] [84] [85] . If, as in mammals, dopamine is largely inhibitory at the level of the primary afferent dendrites in midshipman, then a decrease in number of TH-ir terminals in the summer reproductive season may indicate less DA inhibition and thus increase overall sensitivity of the saccule, consistent with seasonal physiological data recorded from primary afferents [16] .
An additional layer of DA modulation of the saccule may be indirect via the cholinergic OE which is documented to have an inhibitory effect on fish saccular auditory hair cells [86] . In support of an inhibitory function, OE somata were found to be γ-Aminobutyric acid (GABA)-ir in the toadfish, Opsanus tau, a close relative of midshipman (family, Batrachoididae) [87] . This pattern is consistent with extensive colocalization of cholinergic and GABAergic markers of LOC efferents in mammals [88] . Interestingly, OE neurons appear to inhibit hair cells but excite primary afferents in the vestibular system of toadfish [89] . If CA innervation is inhibitory on OE, this would result in release of cholinergic inhibition in the saccule in the summer, and again, increased sensitivity in the reproductive season. However, Filippi et al. [90] report that equivalent DA neurons in TPp of zebrafish co-express vesicular glutamate transporter (vGlut) and are therefore glutamatergic. If indeed DA projections from the TPp are excitatory and comprise the majority of TH-ir input onto inhibitory cholinergic OE neurons, then increased TH-ir innervation onto OE in the summer may result in the potential for increased inhibition of the saccule. However, multiple D1 and D2 receptor subtypes have been identified in hair cell preparations from trout saccule [91] as well as in the OE of European eel [92, 93] , and, as is the case in mammals, multiple DA receptors make for more complex modulation scenarios (e.g., [79] ). Ultrastructural and/or receptor subtype localization to pre or postsynaptic structures would give anatomical insight into DA function at both the OE and sensory receptor level. For instance, seasonal differences in expression of excitatory (vs. inhibitory) DA receptor-linked signaling pathways might have direct effects on saccular primary afferents.
Prior studies have utilized acetylcholinesterase histochemistry to identify cholinergic efferents on saccular hair cells in other teleosts [94, 95] . The present study confirms localization of cholinergic terminals at the base of saccular hair cells by ChAT-ir and our double-label findings are consistent with the mammalian condition that cholinergic and dopaminergic neurons comprise separate efferent populations [77, 96] . In addition, efferent synapses have been identified on goldfish saccular afferents and vesicles in those terminals are similar to cholinergic synapses on the base of hair cells [97] . Therefore, DA may function, in part, to modulate acetylcholine release not only from ChAT-ir terminals at the base of hair cells, but also at efferent-afferent synapses. This cholinergic efferent action may serve to increase signal to noise [98, 99] for detection of conspecific acoustic signals in the seasonally changing soundscape. For instance, the rocky intertidal zone where midshipman nests are found is dense with type I male courtship at night [100] , therefore, selective inhibition of hair cells encoding frequencies outside the spectrum of the advertisement call may provide additional filtering to detect relevant social signals.
Central auditory system. Here we demonstrate that TH-ir innervation in forebrain (CP and PGl) and hindbrain (DOdl+MED) auditory areas vary differentially with reproductive state and may provide a modulatory substrate for seasonal changes in central auditory response properties which is unexplored at this time in midshipman. To date, a single study has directly investigated the response properties of the auditory thalamus (CP) in fish and suggests its function is to encode broad spectrum complex natural stimuli, as single units do not phase lock to tones like lower processing areas [101] . While the fundamental frequency of the midshipman advertisement call is tonal, field recordings show multiple harmonics of equivalent intensity from individual hums which are thought to confer important sound source localization and potentially mate quality information [11, 16, 102] . Thus, the CP is likely involved in discrimination of conspecific vocalizations. In support of this, Petersen et al. [40] recently demonstrated a strong cFos-ir response in the CP of type I males exposed to conspecific advertisement calls compared to ambient noise. In addition, they found a significant positive correlation between numbers of cFos-ir neurons in CP and percent colocalization of cFos-ir in TH-ir TPp neurons, which further supports CP as a dopaminergic target of TPp [24] . Although even less is known about its physiology, PGl, like CP, receives direct projections from TS [25] and is thought to provide the major ascending auditory information to the dorsal medial telencephalon (Dm) [29] , while CP has strong reciprocal connections to both Dm and ventral telencephalic areas [27] .
We recently demonstrated putative TH-ir contacts on auditory neurons in multiple hindbrain nuclei defined by neurobiotin labeling of the saccule [24] . However, many of those nuclei are comprised of small clusters of cells not easily defined by general counterstain and were less amenable for analysis in the present study [25, 26] . The dorsal hindbrain contains octaval sensory nuclei in well delineated areas and contains dense TH-ir innervation in midshipman ( Fig  2H; [24, 103] ). The hindbrain region sampled that includes DOdl and MED showed greater TH-ir density in the non-reproductive period compared to the reproductive summer. Interestingly, this pattern is similar to the saccule, but opposite to that found in forebrain areas (CP and PGl). DOdl is an octaval integration site as it receives direct afferent input from the saccule as well as lateral line input and is interconnected with MED, the major lateral line recipient in the hindbrain [25, 44] . Importantly, primary afferents of the posterior lateral line system of midshipman are able to encode frequencies that overlap with the male advertisement call [104] .
Conclusions
Seasonal changes in CA innervation of the peripheral and central auditory system in midshipman females may contribute to auditory plasticity and behavior that varies with reproductive state. The functional significance of opposing plasticity in CA input at primary vs. higher auditory processing centers is unclear, but may be related to differentially modulating gain to 1) optimize signal detection in a noisy environment, characteristic of the summer nesting grounds in the rocky intertidal, 2) increase discrimination, perception and salience of species-specific vocalizations (e.g., [105, 106] ; see [4, 5] ) and 3) coordinate auditory responsiveness with the motivated motor response and decision to localize a potential mate's nest.
